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1 Introduction
Ever since Switzerland's electrification at the beginning of the 20 th century, hydropower has been the country's main domestic source of electricity. Over time, Swiss hydropower firms have consolidated their position as reliable, cost effective and renewable base and peak load electricity producers. Hydropower also has enabled Switzerland to play an active role on the European electricity market. The pursued business models can roughly be summarized as follows: run-of-river plants produce base load electricity while storage and pump-storage plants use their natural water inflows to help covering electricity demand at peak hours, usually occurring at noon and early evening. All three technology types not only produce for the domestic market, but also are extensively involved in exporting activities to the European grid. A special role is accorded to the pump-storage plants, whose business model exploits the spread between peak and offpeak electricity prices. In addition of using natural water inflows for electricity generation, they pump water into their reservoirs during off-peak hours at favorable pricesoften during nighttime-by consuming electricity directly from the high voltage grid.
This electricity is partly sourced from the European electricity market, and especially from the French nuclear fleet. At peak load times, the water is turbinated again and the generated electricity is sold at comparatively high prices.
This business model was very successful until 2008. Then, the economic crisis, the low price of coal, the low price of CO 2 certificates not reflecting the emission's external costs and the subsidy system for renewable energies such as wind and photovoltaics have led to a significant drop in overall market prices for electricity. In addition, the 3 spread between peak and off-peak electricity prices on the European electricity markets have decreased or at some hours even completely disappeared. In this context, the competitiveness of the coal power plants has increased significantly. Furthermore, since
2009 the Swiss electricity market has been partially liberalized, giving electricity distribution companies and large customers consuming more than 100 MWh per year the possibility to purchase electricity from a producer of their choice in Switzerland or other
European countries or to buy electricity directly on the European spot markets. Of course, this reform has increased the level of competition among the Swiss hydropower firms resulting in a pressure to reduce production costs. In January 2015, the decoupling of the Swiss Franc from the Euro has led to an additional reduction in margins, since the electricity traded on a European level is denominated in Euros. For these reasons, a growing share of hydropower plants has started to incur financial losses in recent years.
In the current competitive context, it is of immediate importance for them to identify strategies to increase competitiveness by reducing production costs.
One possibility to achieve such goal is to improve the level of cost efficiency, which, as discussed in Colombi, Kumbhakar et al. (2014a) and Filippini and Greene (2016) , can be split into two parts: a persistent and a transient one. The persistent part captures cost inefficiencies which do not vary with time. These could be inefficiencies due to recurring identical management mistakes, structural problems within the electricity generation process or factor misallocations that are difficult to change over time. On the other hand, the transient component represents cost inefficiencies varying with time, e.g., singular, non-systematic management mistakes. In the short-to medium-run, a firm's leverage is expected to be mainly on the improvement of the transient part of cost efficiency. 4 Information on the level of cost efficiency is of importance not only for the firms, but also for the Swiss federal government. In fact, in 2015 the Swiss parliament decided, under some circumstances, to financially support hydropower firms in financial distress. However, the political process of specifying the details of such a subsidization system is still ongoing. From an economic policy point of view, it is important to grant such subsidies only to firms operating already with a high degree of efficiency. Hence, knowledge on the level of cost efficiency supports the government in avoiding subsidizing inefficient hydropower firms.
Despite the fact that hydropower still is the world's dominant source of renewable energy, the scientific literature only comprises a few published studies on the pro- A specific firm type does not imply all plants operated by this firm being of same kind; it rather indicates the dominating plant type. The plant types of the firms classified to be of type run-of-river are relatively homogenous, i.e. most of these firms exclusively or to a large extent operate run-of-river plants. Furthermore, this firm type 6 The underlying reasons for the data to be unbalanced are, for example, firm mergers or annual reports not being obtainable anymore due to, e.g., ownership changes. None of the sample attrition was due to firms ceasing production. 3 Empirical Specification
Parametrization of the Cost Function
The frontier total cost function represents the minimum cost a firm potentially could achieve in producing a given amount of output by using a given technology and facing given input prices. Usually, none or only a few firms are operating at the cost frontier.
Failure to do so implies the existence of technical and allocative inefficiency. In what follows, a stochastic frontier total cost function is estimated using panel data. Such estimation of the frontier necessitates the specification of a parametric model, the choice of a functional form and finally, the identification of an econometric approach.
The cost of a firm operating one or more hydropower plants is influenced by several factors such as output, factor prices, size of the reservoir, production technology (storage, pump-storage or run-of-river), age or the number of hydropower plants in a firm's portfolio. Therefore, the cost function for the Swiss hydropower firms may be specified as ( , , , , , , , , , ),
where C are the total generation costs. Firm i and time t subscripts are dropped for notational simplicity. The single output, Y, is gross electricity generation in kWh. The price of labor is represented by P L , the price of water by P W and the residual price of capital by P K . The price of energy used in electricity production is P E . To capture additional heterogeneities in the production process, the cost function includes on the one hand the firm's average load factor F. This variable helps to differentiate between, e.g., a run-ofriver or storage firm, as the latter usually shows a much lower load factor than the former. 7 To further control for the presence of different types of hydropower firms, technology fixed effects D S and D P are included into the model. These indicate whether a firm uses predominantly storage (D S ) or pump-storage (D P ) plants for electricity generation, with run-of-river representing the reference firm type. 8 With run-of-river firms bunching up in the Swiss midlands, and storage and pump storage firms being concentrated in Alpine regions, these variables in addition capture heterogeneity in terms of the production environment. Finally, the number of plants under operation, N, measures the 7 Next to being inherently connected to a power plant's technology, a low load factor also could indicate unplanned plant shutdowns due to, e.g., poor maintenance of machinery. A subsequent repair would result in higher costs, translating into a poorer productive efficiency. However, the annual reports indicate that shutdowns either were occurring for planned maintenance or due to adverse natural conditions. Furthermore, firms in general avoid water overflows as marginal generation costs usually are low. Therefore, and given the data's yearly aggregation and the extent of the installed capacity being defined by long-term investment cycles, the load factor can be considered to be exogenous. 8 Another approach to capture heterogeneities in the production process would consist of an application of a latent class model, as done in, e.g., Barros et. al. (2013) . However, we decided against this approach, because we observe technological heterogeneity. We are also more interested in the distinction between persistent and transient inefficiency. We believe that the latent class model is not completely appropriate for the estimation of a cost function based on a small sample and that our cost model specification and econometric approach sufficiently controls for heterogeneities in the production processes.
impact on cost of jointly operating several plants. Even though electricity generation by hydropower is based on mature technologies, a time trend t is included to capture exogenous technological change. Total costs are based on an accounting approach. Hence, it is worth noting that the framing of the cost function follows a firm oriented perspective rather than a society oriented one, i.e. the cost function does not account for possible external costs arising from the electricity generation process.
Under the assumption of cost minimizing firms, a cost function should satisfy the properties of concavity and linear homogeneity in input prices. Furthermore, it
should be non-decreasing in output and input prices. Linear homogeneity in input prices can be imposed by normalizing cost and input prices by one of the input prices. The other properties are to be verified once the translog cost function has been estimated.
We justify the necessary assumption of output levels being exogenous to hold based on the monopolistic structure of the electricity market. Firms faced public service obligations for most of the years considered in the empirical analysis. Furthermore, the majority of firms contained by the sample are so called partner firms ("Partnerwerke" in German). A shareholder (usually one or several utilities that trade and sale electricity, also called mother companies) of a partner firm has the right to claim a percentage share of the electricity produced depending on the share of paid in capital. Utilities then use this electricity to partially cover domestic electricity demand as well as for export activities. The general production plan of this firm type is defined on an annual basis, instead of a daily basis depending on market conditions. 
, ,
. For firms with missing information on the price of labor, a year and region specific price proxy is constructed, thereby allowing for structural differences in salaries between geographic regions. 9 The price of water, P W , is defined as the ratio of the sum of water fees and other concession fees to a firm's total installed turbine capacity. Following (Friedlaender and Wang Chiang, 1983), the capital price, P K , is estimated as residual costs divided by the installed turbine capacity, which serves as a proxy for the capital stock. Residual costs are defined as total costs minus labour costs, energy costs and water costs, i.e. they include material and external service costs, allowances for depreciation, financial expenses and profits before taxes 10 . Finally, a single energy price, P E , is assumed for all hydropower firms. In fact, energy costs are mainly composed of expenditures on electricity. The presence of a uniform European electricity market justifies the assumption of firms facing a cross-section wise constant price of electricity.
9 This labor price proxy represents the year specific median labor price in a region. The seven geographic regions of Switzerland are defined as follows: Lake Geneva region (1), midland (2), Northwestern Switzerland (3), Zurich (4), Eastern Switzerland (5), Central Switzerland (6), Ticino (7). Furthermore, for the firms located on the German and French border, two separate regions (8 and 9) are defined.
10 Profits before taxes are assumed to represent the equity yield rate. Unfortunately, we do not have all the information necessary to estimate a capital price based on the economic approach of opportunity costs of capital.
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Some firms activated additional capital allowances on non-depreciable investments before the opening of the electricity market to increase the level of competitiveness, especially around the beginning of the new millennium. As some of these additional allowances exceed usually observed numbers by a multiple, they cause a significant distortion of the respective firms' cost structure. To avoid the distorting effect of such special accounting measures, extraordinary allowances in one year were corrected for by adjusting the amortization rate of that year to the firm specific average amortization rate of the other years. 11 Furthermore, if mother companies delivered pump energy free of charge, these opportunity costs were valued and subsequently added to total costs. 12 Finally, the load factor F is formed by a division of Y, the gross electricity generation, by the total installed turbine capacity, whereby the latter is multiplied by the number of hours per year. The variables' descriptive statistics are given in Table 1. 11 Such amortization cost correction affected 8 firms in a total of 14 periods, i.e. ca. 1.7 percent of the observations. The amortization rate is the ratio of the amortization costs to the sum of the reported book value of fixed assets (excluding assets under construction) and realized investments. We chose the book value because not all hydropower firms publish numbers on asset acquisitions. However, the use of the book value implies a non-linear depreciation schedule, while hydropower firms usually depreciate linearly. 
Estimation Methodologies
In what follows, the level of cost efficiency of a sample of Swiss hydropower firms is estimated using a parametric approach, i.e. the stochastic frontier analysis (SFA).
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Econometric SFA models for panel data allow both the estimation of the transient and persistent part of the cost inefficiency. Moreover, parametric approaches are suitable in 13 The literature on the measurement of a firm's productive efficiency roughly can be divided into two main methodological strands: the parametric and the non-parametric analysis. SFA represents the prevalent parametric approach, whereas the data envelopment analysis (DEA) constitutes the most prominent non-parametric approach. Non-parametric approaches do not necessitate an a priori specification of a functional form and use linear programming, while parametric approaches are based on econometric concepts, allowing them to differentiate between unobserved heterogeneity and inefficiency. Furthermore, non-parametric approaches are not able to distinguish in a satisfactory way between technical and allocative cost inefficiency, which together form the overall cost inefficiency.
cases of unobserved heterogeneity influencing production processes, like environmental characteristics. The firm's level of efficiency for the TREM is estimated using the conditional mean of the inefficiency term proposed by Jondrow et al. (1982) . The firm's efficiency for the GTREM is estimated using the expression presented in Filippini and Greene (2015) . Table 2 summarizes the econometric specification of the two models. 
Note: This table presents the distributional assumptions of the stochastic error and inefficiency components of the TREM and GTREM stochastic frontier models.
Results

Cost Function Parameters
The estimated coefficients of the two frontier models as well as their respective standard errors are listed in Table 3 . Linear homogeneity was imposed a priori by normalizing prices and output with respect to the constant electricity price. To ensure monotonicity, microeconomic theory demands the cost function to be increasing in generated electricity and input prices. Furthermore, the function is expected to be concave with respect to 21 input prices. Such concavity implies own-price elasticities being negative with the Hessian matrix of second order partial derivatives of total costs with respect to prices being negative semi-definite. 16 The cost function is generally well behaved; except for the concavity condition (one of the four eigenvalue is greater than zero), our results obey these restrictions (cf. Table 8 and Table 9 in the appendix). We justify the slight violation of the concavity condition by the estimation of a behavioral cost function: the frontier cost model builds on the implicit assumption of firms not fully minimizing costs, which contradicts the concavity condition`s underlying assumption of cost minimizing firms.
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The estimated coefficients in general have the expected sign and many are, together with lambda 18 , statistically significant at a level of 1 percent. The magnitude of the estimated coefficients is similar across both models. Technological progress in the hydropower sector is small; major technological components like turbines or dams can be considered as comparatively mature. Therefore, the negative coefficient estimate of the neutral, exogenous and progressive technical change t is not surprising. 
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The first order coefficients of the translog function are interpretable as elasticities at the sample median with the constant representing the total costs at the approximation point. The elasticity of the generated electricity is positive and highly statistically significant. The negative and statistically significant load factor indicates higher total costs for storage and pump storage firms compared to their run-of-river counterparts, since the former technologies generally are characterized by comparatively low load factors. The firm-types fixed effects also point towards higher costs of storage and especially pump storage firms. Examples of factors contributing to these higher costs could be, next to the pump energy consumption of the latter type, relatively high investment costs for storage technologies in general, a higher complexity of operating such plants as well as their geographical remoteness. Table 4 
Cost Efficiency
Economies of Density and Scale
The estimated coefficients reported in Table 3 Table 6 illustrates the descriptive statistics of the economies of scale and density computed for all firms in our sample and Table 7 presents 
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The roots of matrix H evaluated at the sample's mean and median are given in Table 9 .
In subsection 5.1 a justification is given for this slight violation of the concavity condition. 
